To examine the maternal and neonatal factors associated with offspring adiposity and the role of birth and placental weight as potential mediators in such associations. DESIGN: The Tasmanian Infant Health Survey was a prospective cohort study conducted between 1988 and 1995 in Australia to investigate the cause of Sudden Infant Death Syndrome. This large infant cohort provides measurement of skinfolds on 7945 mothers and their offspring. SUBJECTS: Participants included singletons born X37 weeks gestation who were at high risk of sudden infant death syndrome identified through a composite score that included birth weight, maternal age, neonatal gender, season of birth, duration of second-stage labor and intention to breastfeed. MEASUREMENTS: Neonatal adiposity was assessed from skinfold measurements of the subscapular (SSF) and triceps folds (TSF) taken at birth. Maternal early-pregnancy body mass index (BMI) was calculated from self-reported height and weight. Neonatal data were extracted from birth records. Data relating to other environmental exposures were obtained from questionnaires administered when neonates were B4-days old. RESULTS: In multivariable models, higher maternal adiposity, increasing maternal age, gestation age, delivery by Caesarian section and female gender were associated with larger SSF independent of placental and birth weight (Po0.001). Maternal age and delivery by Caesarian section were significantly associated with larger TSF, whereas gestational age and male gender were associated with thinner TSF independent of placental and birth weight. Higher early-pregnancy BMI, maternal weight gain, maternal age, parity and gestational age were significantly associated with larger placental and birth weight. Smoking during pregnancy was associated with smaller birth weight but not with placental weight. CONCLUSION: In addition to birth weight, maternal adiposity and placental weight were important additional factors associated with neonatal adiposity.
INTRODUCTION
Growth patterns in early life are increasingly being linked to the risk of diseases such as obesity, type 2 diabetes, heart disease, stroke and hypertension in adult life. 1 Determinants of body composition at birth are numerous and include measures relating to both fat and skeletal size, and lean tissue. 2 Studies have shown a positive association between birth weight and body mass index (BMI) in children and adolescents with both the prenatal environment 3 and maternal factors 4 having lifelong consequences for obesity however, little is known about the predictors of neonatal adiposity and their role in the development of obesityrelated outcomes in later life.
Birth weight is currently the best independent predictor of body fat composition explaining up to 84% of body fat variations in newborns. 5 However, birth weight alone may not be the most sensitive measure for determining fat deposits as it is determined by a number of factors that include internal organs, muscle, fat and fluids. 6 Although an increase in birth weight has been associated with maternal obesity and consequently macrosomic infants, 7, 8 less is known about prenatal environmental determinants such as fat and lean mass that affect neonatal body composition.
To date, most studies have focused on birth weight and other anthropometric measures such as birth length with few studies having examined the relationship between birth weight and more direct measures of fat mass, namely skinfold thickness. In addition to providing more accurate information on fetal nutrition than simple weight, skinfold thickness measurements are widely used in the assessment of nutritional status throughout the life course, and offer a fast and non-invasive method of examining body fat mass particularly in newborns. 9, 10 A study by Catalano et al. 11 that examined 188 singleton term neonates showed that neonatal fat mass constitutes 14% of total birth weight but, explains nearly half of the variance in normal birth weight. Clearly, birth weight cannot be taken as a full proxy marker for neonatal adiposity, and a better understanding of the determinants of adiposity is required.
Studies have shown fat mass to be associated with parity, maternal glucose and maternal fat measures and may possibly reflect aspects of the intra-uterine environment. In addition to endocrine and nutritional status, other social, behavioral and environmental factors are known to influence body composition. Such factors include maternal BMI just before pregnancy and weight gain during pregnancy, gender, parity, alcohol consumption and smoking during pregnancy. 2, 12 The mechanisms by which these factors interact with each other remain undetermined. Skinfold thickness measurements along with data on placental weight from a large cohort of women and their offspring have not been available in many cohorts to date thus, this study provided us with the opportunity to examine prenatal maternal factors associated with neonatal adiposity and to explore the respective role of birth and placental weight as potential mediators in such associations using data from the Tasmanian Infant Health Survey (TIHS).
SUBJECTS AND METHODS
The TIHS was conducted between January 1988 and December 1995 with the objective of investigating the cause of Sudden Infant Death Syndrome in Tasmania, Australia. Details of the study methods have been reported previously. 13 In summary, the study operated from six major obstetric hospitals in the state of Tasmania, Australia. The cohort was based on one in five births in Tasmania which covered B93% of all live births in the state. Infants were assessed according to a local scoring system to identify infants at high risk of sudden infant death syndrome. 14 The composite score for the predictive model included maternal age, neonatal sex, birth weight, season of birth (March --April, May --July, August --February), duration of second-stage labor and intended method of feeding (breastfeeding or other). Infants with a score over a specific cutoff point were eligible for the study. Data were obtained by research assistants on three occasions: (1) hospital interview on the fourth day of life, (2) home visit during the fifth postnatal week and (3) telephone interview conducted when the infant was 10 weeks of age. Information was collected on sociodemographic, obstetric and perinatal data (including maternal nutrition and smoking during pregnancy and anthropometric measurements of the infant), parental and infant environmental and childcare factors, as well as immunization history. After exclusion of multiple pregnancies and infants born o37 weeks gestation this analysis included 7945 mothers and their offspring.
Measurement of outcomes
Neonatal data and adiposity measurements include midwife measured birth weight, head circumference and length, extracted from birth records, as well as the mean of two readings at each site for subscapular skinfold (SSF) and triceps skinfold (TSF) thickness (millimeters) and mid-upper arm circumference (MUAC; centimeters) obtained by research assistants at the hospital interview when the neonate was 4-days old. After obtaining consent, skinfold measures were routinely performed at the first hospital interview When the mother did not want her infant disturbed, measurements were taken later during their hospital stay or in the first days at home, and if the infant was likely to remain in the neonatal nursery for sometime, skinfold measurements were performed in the week before discharge. Further examination of this variable found that 81% of infants had their skinfold measurements taken within 4 days of birth and 94% within 7 days of birth (data not shown). Sensitivity analysis using data from infants with skinfold measurements within 4 and 7 days, respectively, after birth did not affect the magnitude or direction of associations (data not shown).
The outcomes of this analysis are focused on SSF and TSF measurements as measures of central and peripheral adiposity, respectively. We used the Cambridge Infant Study centile data for infants aged 1 month as a reference for skinfold measurements. Centiles represented are: 2nd 25th 50th (median), 75th 91st and 98th. Low birth weight was one of the components of the composite score used to determine a baby's eligibility to participate in the TIHS, and thus babies in this cohort tend to be small based on birth weight compared with the rest of the regional population. 15 
Measurement of main exposures
Neonatal birth weight was measured by placing the baby in the supine position on a Seca traveling scale (Seca United Kingdom, Birmingham, UK). Birth weight was measured in grams and converted to kilograms for statistical analysis. The baby's birth length was measured by placing the baby in a measuring box with the top of the baby's head held against the fixed end of the box. The sliding end of the box was pushed up against the heel of the baby's feet. The baby's length in centimeters was recorded. For head circumference measurements, a metric tape measure was positioned at the level of the bi-parietals in the occipitor frontal dimension. The circumference was recorded in centimeters. Ponderal index was also calculated (kg m À3 ) as an additional indicator of growth retardation. 16 Placental weight (grams) was recorded on the birth record sheet. Data were extracted during the hospital interview when the neonate was 4-days old.
Measurement of maternal adiposity
Exposures relating to maternal adiposity measures included maternal early-pregnancy BMI (kg m À2 ) and total weight gain during pregnancy (end of pregnancy weight minus weight at beginning of pregnancy; kilograms). Maternal early-pregnancy BMI was calculated based on selfreported height and early pregnancy weight ascertained during the hospital interview. Maternal early-pregnancy BMI was used as a continuous measure and then categorized into four groups: under weight (o20 kg m ) and obese (30 þ kg m À2 ) with the 'healthy weight' category acting as the referent group. Total pregnancy weight gain was used as a continuous measure and then converted into a dichotomous variable based on the Institute of Medicine's recommended total weight gain ranges for women with singleton pregnancies. 17 A total weight gain of 418 kg was indicative of excessive weight gain.
Measurement of confounders
Confounders included some that were components of the perinatal composite score used to determine the eligibility of infants to participate in the TIHS. The score was based on maternal age, birth weight of neonate, season of birth (March --April, May --July, August --February), duration of second-stage labor and intention to breast feed. 13 Other confounders included maternal education attainment (completed secondary school: yes or no), any alcohol consumption during pregnancy (as 98% of women who reported drinking, consumed between 0 and 1 drinks per day during their pregnancy, alcohol consumption was analyzed as a dichotomous variable, yes or no), smoking during pregnancy (never smoked during pregnancy, smoked 1 --10 cigarettes per day, smoked 11 --20 cigarettes per day, smoked 20 þ cigarettes per day), parity (place of infant in family: 1st, 2nd, X3rd), gestational age of newborn (weeks), Caesarian section (yes or no) and gender of neonate.
Statistical methods
Descriptive statistics were used to report on maternal and neonate characteristics for participants included in the analysis (mean and s.d. for continuous variables, n (%) for categorical variables). Multiple linear regression models were used to examine the associations between neonatal anthropometric measures such as placental weight, birth weight, head circumference and birth length with measures of neonatal adiposity such as MUAC, lean MUAC (MUAC-2Pr) SSF measurements, TSF measurements and ponderal index as dependent variables. Pearson's product moment correlation was used to examine the linear relationship between key exposure factors and skinfold measurement. Factors associated with neonatal and maternal prenatal adiposity, respectively, were examined using multiple linear regression models and the outcome reported as b-coefficients and s.e. of the b-coefficient (b, SE(b)). R 2 values are also included and represent how much of variability in the outcome is accounted for by the model. Where indicated, we have used two models: model 1 includes components of the perinatal score used to determine eligibility of the infant into study. This score included mother's age at the time of the index child's birth, gender of neonate, season of birth and duration of second-stage labor and in addition, birth length. Model 2 includes all variables in model 1 plus other potential confounders such as completion of secondary school by mother, any maternal alcohol consumption or any maternal smoking during pregnancy, parity, gestational age, age of neonate when skinfold thickness measurements performed (days) and individual who performed the skinfold measurements. In an analysis examining factors associated with maternal prenatal adiposity measures, multinomial logistic regression and logistic regression models adjusted for the above-mentioned variables were used. Earlypregnancy BMI was categorized into four groups representing underweight, healthy (reference group), overweight and obese status and total pregnancy weight gain as p18 or 418 kg representing excessive weight gain. All statistical analyses were performed using STATA for Windows software (Version 11.1; StataCorp LP College Station, TX, USA). Results were considered significant if Po0.05.
RESULTS
This study included data on 7945 mothers and their offspring. Table 1 shows the characteristics of both mothers and neonates. On average, mothers were 23-years old, almost half were primiparous, just over half had smoked at some time during their pregnancy and a third had consumed alcohol. Maternal earlypregnancy BMI was on average within the healthy range and an average total weight gain was 14.3 kg, which is considered to be an adequate weight gain for those with early-pregnancy BMI between 18.5 and 24.9 kg m À2 . 17 Almost three-quarters were male (because of the selection criteria for the study) and gestational age was on average 39.6 weeks with an average birth weight of 3.38 kg. First-born infants were on average B0.1 kg lighter at birth compared with non-first born infants, a finding that was statistically significant (Po0.001, data not shown). SSF measurements averaged 4.5 mm in thickness, whereas TSF measurements were on average 5.1 mm. According to the Cambridge Infant Study standards for infants aged 1 month, these measurements lie within the 9th and 25th centiles, respectively. Table 2 examines factors associated with neonatal adiposity measures, namely SSF and TSF. Multiple regression models showed that when compared with mothers who were in the 'healthy' BMI group, being underweight at the beginning of the pregnancy, increasing maternal age, higher maternal education, smoking during pregnancy and male gender (SSF only) was significantly associated with smaller SSF and TSF measures. Of the remaining factors, all but alcohol consumption (and maternal education for TSF) was significantly associated with larger skinfold thickness measurements, that is, the neonate had a significantly greater adiposity level. In the fully adjusted models (model 2), birth weight, placental weight and maternal adiposity were key factors associated with larger skinfold measurements. Models that included birth weight accounted for 41% of the variability in SSF and 32% in TSF, with every 1-kg increase in birth weight resulting in an average increase of 1.4 mm in SSF and TSF, respectively. Maternal age and smoking were associated with smaller SSF, but only smoking remained significant in model 2 for TSF.
In additional analysis, we examined the association between placental weight and birth weight and a number of neonatal measures such as MUAC, lean MUAC, SSF, TSF, SSF:TSF ratio and ponderal index. The results showed that birth weight and placental weight were significantly and positively associated with most measures of neonatal adiposity with birth weight accounting for a greater proportion of the variability in neonatal adiposity measures compared with placental weight (Table 2 : Supplementary data).
Mediating role of birth weight and placental weight on neonatal adiposity Table 3 shows the mediating effects of birth weight and placental weight on the association between maternal and neonatal anthropometric measures and the variability in SSF (data for TSF: Table 3 Supplementary data). High early-pregnancy BMI and maternal weight gain were positively associated with neonatal adiposity. This was to some extent attenuated when adjusting for placental weight and to a larger extent by birth weight, and when both birth weight and placental weight were included together, maternal adiposity measures remained independently associated with larger SSF. Similarly, high early-pregnancy BMI and high maternal weight gain were significantly associated with TSF; however, this was accounted for entirely by birth weight and to a much lesser extent by placental weight and when both were considered together, the association was no longer significant.
Later-born children had on average larger SSF than did firstborn neonates. This association was accounted for by birth weight and to a lesser extent by placental weight. Overall, after accounting for both birth weight and placental weight, parity was not significantly associated with larger SSF at birth. Parity was not significantly associated with TSF.
Maternal smoking was significantly associated with smaller skinfold measurements in newborns. This negative association was accounted for entirely by birth weight but not accounted for by placental weight. Although mothers who smoked during pregnancy had on average a lower placental weight and lower birth weight babies, accounting for both birth and placental weight resulted in a non-significant association with SSF and TSF. Male gender was significantly associated with smaller SSF and TSF independent of both placental and birth weight.
Factors associated with placental and birth weight In fully adjusted models (model 2), all factors with the exception of maternal education, smoking and alcohol consumption during pregnancy were found to be significantly associated with placental weight. Models that included maternal adiposity measures (that is, maternal early-pregnancy BMI and pregnancy weight gain) accounted for 32 --34% of the variation. Being obese at the beginning of pregnancy was associated with a 56.06 g increase in placental weight at delivery. Underweight mothers tended to have a lower placental weight, whereas increasing maternal age was negatively associated with placental weight (Table 4) .
With regard to birth weight, mother's education and maternal alcohol consumption during pregnancy were not significantly associated with birth weight in the fully adjusted models (model 2). Strongest effects were seen for models that included placental weight (accounting for 74% of the variability in birth weight) and maternal adiposity measures (maternal BMI in early pregnancy and maternal weight gain) accounting for 68% of the variability in birth weight. Male gender was also significantly associated with larger birth weight as was the mother being overweight or obese at the beginning of her pregnancy. Although the magnitude of the effect for factors associated with birth weight was not as large as for placental weight, being underweight at the beginning of the pregnancy, maternal age and smoking during pregnancy were significantly associated with smaller birth weight babies (Table 4) .
Factors associated with high maternal adiposity measures
In additional analysis, we examined factors associated with maternal adiposity. When compared with mothers with a healthy early-pregnancy BMI (20 --24.99 kg m À2 ), overweight and obese mothers had significantly less weight gain during pregnancy, were slightly older, fewer had consumed alcohol during pregnancy, were more likely to be multiparous, more likely to deliver by Caesarian section and had significantly higher placental weight and babies with a higher birth weight in fully adjusted models. In contrast, mothers who were classified as being underweight at the early stages of their pregnancy were significantly younger, less likely to complete secondary school, more likely to smoke during pregnancy, less likely to deliver by Caesarian section, had an average reduction of 36 g in placental weight and had babies who were significantly lighter at birth than did mothers in the 'healthy-weight' BMI range (Table 5) . Mothers who had excessive pregnancy weight gain (418 kg) had a slightly lower earlypregnancy BMI, were also slightly younger, were more likely to be primiparous and to deliver by Caesarian section and on average had heavier placentas and heavier babies when compared with mothers who gained o18 kg during their pregnancy (Table 4 : Supplementary data).
DISCUSSION
In this large cohort of mothers and offspring, we found that placental and birth weights were key factors significantly associated with higher neonatal adiposity as measured by skinfold thickness. Other important factors included higher maternal adiposity, increasing gestational age and parity. These associations remained significantly associated with higher neonatal adiposity even after accounting for the possible mediating effects of placental and birth weight. The potential problem of the intergenerational transfer of adiposity is of great importance in relation to the modern obesity epidemic. To our knowledge, this is the first report of how maternal prenatal and neonatal measures relate to infant adiposity measured using skinfold thickness and the magnitude of the effect attributed to each measure in addition to birth weight and placental weight. Strengths of this study include a significantly large cohort size, which provides greater statistical power to examine the associations required, the availability of data on confounding variables associated with both maternal and neonatal adiposity, as well as data on potential mediators such as placental weight, skinfold measurements taken according to a standardized protocol thus reducing the possibility of measurement error, the use of questionnaire data on maternal smoking which has been validated 15 and a homogenous cohort in terms of ethnicity which reduced the potential confounding effect of the role of ethnicity in the associations examined. Conversely, the homogenous nature of the cohort did prevent us from examining whether the associations differed by ethnicity.
The limitations of this study should be considered. First, the cohort was assembled on the basis of specific eligibility criteria, which make the results from our findings less generalizable to the rest of the population. However, other data that have been examined indicate that results from this sample reflect populationwide changes. 19 In addition, in our statistical models, we have adjusted for all factors used to select the cohort; however, we cannot rule out the possibility of any residual selection bias. The concept of generalization in epidemiological studies was discussed by Miettenen and Ponsonby and indicates that although a representative sample is important for descriptive studies such as that describing disease prevalence, the importance is less critical for achieving external validity for analytical cohort studies seeking to obtain evidence on prospective associations from which causal associations can be inferred. 20, 21 Second, we were unable to adjust for maternal glucose tolerance levels and physical activity levels, which have been associated with maternal and subsequent child adiposity levels. 22, 23 Recent studies have shown that women, who are overweight or obese before pregnancy, have a marked decrease in insulin sensitivity during pregnancy resulting in a greater P-value for model 2 from logistic regression models adjusted for variables in model 1+gestation age, maternal alcohol consumption, maternal smoking, mother completed secondary school, age of neonate when skinfold measurements taken, research assistant who took skinfold measurements. *Po0.05, **Po0.001.
availability of lipids and glucose for the fetus. 24, 25 At birth, such babies have higher cord concentrations of insulin and leptin and tend to have a higher fat mass. 26 Moreover, there are limited data on the effect of antecedents of excessive gestational weight gain such as maternal diet and physical activity during pregnancy. 27 Overeating and reduced physical activity have been identified in the offspring of obese mothers. Evidence from animal studies supports the hypothesis that this results from the obesogenic environment experienced in utero rather than pure genetic factors. The precise obesogenic environmental factors that mediate these effects are not known. 28 Third, although the plots in Figure 1 show a significant and positive association between maternal adiposity measures and neonatal skin fold thickness, the range is quite wide across the x axis, suggesting that the amount and distribution of fat stores in the neonate may reflect other important factors that we have not examined in this paper but would be important to explore further. Such factors include maternal nutritional status before pregnancy, perinatal nutritional status of the neonate and genetic and epigenetic changes that can cross from generation to generation but have yet to be fully explored and remain an important focus of current and future research in this area. 29, 30 Fourth, maternal height and weight used to compute BMI were self-reported, which may have resulted in the misclassification of BMI status and an underestimation of BMI as has been shown in validation studies. 31, 32 However, self-reported and measured values of height and weight have been shown to be strongly correlated and valid for identifying associations in epidemiological studies. 31, 32 Fifth, the demographics of women who consume alcohol on a regular basis compared with an occasional drink during pregnancy have been found to differ significantly in terms of age, socioeconomic status and pregnancy outcomes. 33 In examining alcohol consumption in women who were part of the TIHS, we found that on average, 98% of women drank between 0 and 1 drinks per day during their pregnancy. Therefore, given the little heterogeneity within this cohort, the use of alcohol consumption as a dichotomous variable would not be a significant limitation in our analysis and findings.
The developmental origins of the health and disease hypothesis or fetal programming 1 indicate that the intrauterine environment represents a time when changes in maternal metabolism may affect future metabolic dysfunction in offspring, which may be mediated through physiological and/or epigenetic mechanisms. 22 The underlying mechanisms by which such factors interact with each other seem quite complex because of the interaction between some factors and the possibility of intergenerational effects. 34 Some of the significant factors associated with an increased placental and birth weight that were identified in this study include high maternal early-pregnancy BMI, maternal pregnancy weight gain, higher parity, older gestational age and higher placental and birth weight, respectively. Higher birth weight was also significantly associated with male gender. Of interest was the observation that maternal smoking was significantly associated with a reduction in birth weight but not placental weight (although the direction of the association was positive). This finding concurs with a report by Williams et al., 35 who examined placental weight-to-birth weight ratio as a potential marker of fetal growth and suggest that the effects of smoking may be mediated by changes in body weight rather than placental weight.
Consistent with other studies, 36, 37 this study identified high maternal early-pregnancy BMI, excess weight gain during pregnancy and parity as key factors that were significantly associated with higher levels of neonatal adiposity. These associations found in models that adjusted for body length of the neonate, suggest that maternal adiposity status both before and during pregnancy may have an important role in the adiposity status of the child at birth. Conversely, maternal smoking during pregnancy was associated with smaller skinfold measurements, which could be accounted for by birth weight but not by placental weight and in models that included both birth weight and placental weight, remained non-significantly associated with larger SSF and TSF in the neonate. This finding supports recent reports that smoking during pregnancy is associated with higher levels of adiposity during early childhood. 38 In terms of neonatal measures, birth weight was the strongest factor associated with adiposity measures at birth and accounted for 41% of the variability in SSF and 32% for TSF. However, placental weight also contributed significantly to larger skinfold measurements at birth.
The mediating role of both placental and birth weight in the association between maternal and neonatal adiposity was found to differ for both central and peripheral skinfold measurements. High maternal adiposity was associated with larger skinfold measurements, but this association was only partially accounted for by placental weight and birth weight in SSF but completely accounted for by birth weight in TSF measures. This may be due to the mechanism/s that underlies the distribution of central and peripheral fat during in utero development, which is still unclear. That is, TSF increases with maternal BMI in proportion to birth weight, but SSF appears to increase beyond such birth weight effects.
As in previous studies, 37 our study found that being multiparous was associated with having offspring with larger average skinfold measures at birth. This association was fully accounted for by birth weight, but only marginally by placental weight for measures of central adiposity in the neonate (that is, SSF), and in the full model, parity was no longer significantly associated with SSF measures. In contrast, parity was totally accounted for by both placental and birth weight in associations with peripheral neonatal adiposity (that is, TSF).
Smoking has been shown to be negatively associated with birth weight. 39 --41 Our study supported these findings and in addition showed that smoking during pregnancy was associated with smaller SSF and TSF. However, this association was totally accounted for by birth weight and only marginally by placental weight and in models adjusted for both the association was positive but no longer significant.
The results of this study have important public health implications. First, our data suggest that mothers who had higher adiposity levels established early in pregnancy, had babies of higher birth weight whom on average had a higher adiposity level as measured by skinfolds. Such a finding is consistent with other studies that showed that fatter mothers tend to have fatter babies; 8, 42 however, the magnitude of effect of maternal obesity on neonatal skinfold measurements is quite modest (0.26 mm increase in SSF and 0.16 for TSF) and appears not to be a major factor associated with the variability in neonatal adiposity in this population of women who had early-pregnancy BMIs in the underweight-to-healthy categories. In addition, our findings showed that high maternal adiposity before and during pregnancy had a significant increased need for Caesarean sections. Other obstetrical complications such as interventional procedures not examined in this study, have been reported in other studies. 43, 44 Second, although smoking during pregnancy has been shown to be associated with babies of smaller birth weight, our data suggest that these babies tend to have a higher adiposity level from birth which may lead to increased risk of later metabolic diseases. However, how infant adiposity tracks into later life remains poorly understood. 4, 45, 46 In conclusion, we found that although birth weight contributed to the significant amount of the variance (41%) in neonatal adiposity status, other factors such as placenta weight and maternal adiposity measures before and during pregnancy were also important. Therefore, birth weight alone may not the most comprehensive measure of the intrauterine environment and nutritional status of the newborn and placental and birth weight may be intermediates in the causal pathway leading to neonatal adiposity. Thus, other measures of body fat mass such as skinfold thickness at birth may also help evaluate the perinatal nutritional status.
